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SUMMARY

The evaluation of any propeller-driven V/STOL configuration requires analytical
methods that adequately assess the aerodynamic characteristics and the forces
arising from the propeller and the slipstream.

This study was to develop a unified analytical procedure to evaluate the effects of
passive high-lift devices on deflected-slipstream or tilt-wing V/STOL configura-
tions, Methods were developed to predict the two-dimensional flapped airfoil char-
acteristics to be used in a span load program. The span load results are used in
procedures for estimating the coefficients of lift, longitudinal force, and moment
for a wing partially immersed in a propeller slipstream, These characteristics
can then be used in a performance program developed to calculate the takeoff, land-
ing and transition maneuvers. In addition to these tasks, investigations were made
into downwash characteristics, wind tunnel wall corrections, and correlations of
flight test data with theory. An analysis of the effects of high-lift devices on the
performance of a tilt-wing V/STOL configuration is included in the appendix.

The procedures to predict the two-dimensional aerodynainic characteristics of high-
lift devices furnish reasonable estimates, generally within 10 percent of experi-
mental results, that can be used in the span load program. The trend from General
Dynamics experimental data indicates that the maximum lift levels from NACA data
are approximately 10 to 20 percent lower. This may be attributed to the General
Dynamics testing technique which utilizes side-wall blowing to eliminate adverse
wall boundary layer interference effects.

The program initiated at Convair to develop a more basic approach to the problem
of estimating the lift and longitudinal force coefficients was well justified. It is
considerably less limited than existing empirical methods in that it requires only
two-dimensional data for application to general configurations. The procedures for
predicting lift and longitudinal force coefficients of a wing-fiap combination give
satisfactory results at all thrust coefficients. However, the procedures for pre-
dicting pitching moment coefficients result in erratic correlations for cases with
flaps deflected.

The entire task of correlating wind tunnel data that has been corrected for wall
effects with actual flight test conditions could not be accomplished due to the lack
of a good set of flight test data for comparison. The evaluation of tunnel wall
effects indicated that currently available correction procedures for lift and drag
yield erroneous results and should not be applied.
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The complexity of the performance program made numerous assumptions and capa-
bility restrictions desirable. For example, the equations of motion were reduced
to two dimensions (i.e., no pitch dynamics), and several terms, such as pitch
rates, wing tilt angular rates and pilot braking response time, were used as pre-
determined inputs. These assumptions were made to expedite the development of
the system; however, the accuracy of the methods employed is sufficient to reflect
the impact of high-lift devices on V/STOL aircraft. The program is a viable tool
for performance estimation,

The problems associated with predicting the aerodynamic forces acting on a wing
immersed in a slipstream should be investigated further. To improve the basic
procedures, it is necessary that (1) additional correlations of pitching moments be
made with experimental data to develop improved empirical factors for large chord
ratio flaps, (2) methods be developed to incorporate the pronounced nonlinear char-
acteristics of leading edge devices at low angles of attack, (3) the downwash esti-
mating procedure be programmed for digital computer application and correlations
be made with experimental data, and (4) tilt-prop configuration methodology be
developed and incorporated into the aerodynamic and performance programs.

Jet flap and boundary layer control devices should be investigated so that methods
could be developed to describe the effects of these devices on a wing immersed in

a slipstream.

A study should be performed to define a wind tunnel/flight test program to corre-
late V/STOL vehicle aerodynamic characteristics.
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FORE WORD

This report presents the results of an investigation of the effects of high-lift de-
vices on V/STOL aircraft performance and stability and control.

The work was performed by the Convair Division of General Dynamics for the U.S.
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1969 to 31 May 1970.
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Convair program manager, respectively, Mr. J. Hebert, Mr. S. Pederson, Mr,
J. Carroll, Mr. E. Laudeman, and Mr. C., Whitney were the principal contributors.

Acknowledgement is also extended to Mr, S. T. Piszkin, other Convair personnel,
and Mr, O. Michaelson for their cooperation during this program.




TABLE OF CONTENTS

SUMMARY L] L] . . . L] . . . . . Ll . . L] L] L] .

FOREWORD . L] | . » . . . ) . . . . . . . . L]

LIST OF ILLUSTRATIONS . . . . . . .« .+ . « « « .

LIST OF SYMBOLS L] . L] . L . L] . . . . . . L] *

1.0

2.0

3.0

4,0

5.0

mTRODUC TION . L] . L] L] L] . . L] . L] . . L]

TWO-DIMENSIONAL AERODYNAMIC CHARACTERISTICS
OF RIGH-LIFTDEVICES . . : & . & % & & &

2,1 TrailingEdge Flaps . . . . . « . . .« .« .
2,2 leading EdgeDevices . . . . . . « « .+ .

PROFILE DRAG OF FUSELAGE, NACELLES, WING AND
TAIL SrJRFACES . L] L] L] . L] L] L] . . . . . L]

3.1 Wetted/'&rea— . . [ ] L] [ ] L] . . . L] . . .
392 ProfileDrag . « o o« dls @ 5 % ¢ o s &

3.3 InterferenceDrag. . . . . « + « « + o

SPAN LOAD PROGRAM. . . . . « « « « « « .

DEVELOPMENT OF LIFT AND LONGITUDINAL FORCES ON

A WING-NACELLE-FLAP COMBINATION IMMERSED IN A
PROPELLER SLIPSTREAM . . . . . . . . . .

5.1 Direct Thrust Forces . . . « + o +« « « o
5.2 Free-Stream Forces. . . . « « « +« « « .
5.3 Slipstream Forces . . . . . .+ « + « +
5,4 NacelleForces ., . . . .+« .+ « o + & +
5.5 Summary Equations . . . . . . . . . . .

vii

e —— —

Page

iii

xiv

26

43

43
43
48

52

54

54
56
61
66
66



6.0

7.0

8.0

9.0

10,0

11.0

12,0

13.0

MOMENTS ON A WING-NACELLE-FLAP COMBINATION
IMMERSED IN A PROPELLER SLIPSTREAM . . . .

6.1 Zero Lift Pitching Moment, . . . . . . . .

6.2 Pitching Moment Curve Slope . . . . . . .
6.3 Summary Equations . . . . . . . . . . .

DOWNWASH CHARACTERISTICS . . . « +. « . .
WIND TUNNEL WALL CORRECTIONS , . . . . . .
8.1 Standard Wall Corrections . . . . . . . .
8.2 Heyson's Corrections . . . . . . . . . .
8.3 Results L] L[] L] L . . . L[] . . L] . L] L L]

CORRELATION OF THEORY WITH TEST DATA . . .

PERFORMANCE PROGRAM TO CALCULATE TAKEOFF,
LANDING AND TRANSITION OF V/STOL AIRCRAFT . .

10,1 Equations of Motion . . . . . . . . . . .
10,2 Program Description . . . . . . . . . .
10,3 Simplifying Assumptions . . . . . . . . .
CONCLUSIONS L] L] L] L] . L] . . L] . L] L] L) L] .
RECOMMENDATIONS . . . . ¢ + &« ¢ &« o o o

LITERATURECIPED & o : & @ o « ® s & ® .

APPENDIX — ANALYSIS OF THE EFFECTS OF HIGH-LIFT DEVICES

PISTRIBUTION . = = @ # & 2 o o @ o & « = @&.5 @ &

ON THE PERFORMANCE OF A TILT-WING
CONFIGURATION . . . + + v o o &+ o &

viii

Page

69
69

72
76

77
86
86
89
96

104

121
121
123
125
135

136

137

144

155




Figure

10

11

12

13

14

LIST OF ILLUSTRATICNS

Theoretical Lifting Effectiveness Versus FlapChord . . . .

Theoretical Values of the Ratio of the Increment of Maximum
Lift to the Increment of Lift at o = 0 Versus Flap Chord ., . .

Theoretical Values of the Ratio of the Moment Effectivess to
1.ifting Effectiveness Versus FlapChord , . . . . . . .

Trailing Edge FlapGeometry . . . . « « &« ¢ o o o« @
Turning Efficiency of Flaps . . . . . . . . . . . .
Turning Efficiency of Aft Flaps . . . . . . . . . .

Maximum Lift Correlation Factor for Trailing Edge Flaps
Versus Leading Edge Radius/Thickness Ratio . . . . .

Maximum Lift Correlation Factor for Double-Slotted Trailing
Edge Flaps Versus Leading Edge Radius/Thickness Ratio , ,

Flap Angle Correction Factor Versus Flap Deflection. . . .
Moment Correlation Factor Versusz FlapChord . . . . .

Moment Curve Slope Correlation Factor Versus Chord

EXtension. =« <« 5 & s & o [ e & o (6 o o s s & fo

Drag Increments for Plain Flaps Versus Lift Increment at

a=0' . . . . L] L] . . L] . L] . . . . - . . e [}

Drag Increments for Single-Slotted Flaps Versus Lift Increment
at lx = 0 L] L ] . * L] L] - L] * * - L L . L] L . . L]

Drag Increments for Double-Slotted Flaps Versus Lift
Incrementatx=0 . . . ¢ o ¢ ¢ o« ¢ ¢ o o o o

Page

11
13

15

19

.20

22

24

25

27

28

30

— e = - e a4




Figure
15

16

17
18
19
20
21
22
23
24
25
26
27
28
29
30
31

32

33

Theoretical Lifting Effectiveness Versus Nose Flap Chord .

Theoretical Maximum Lift Effectiveness Versus Nose Flap
Chord L] . . . . L] . . . . [ ] . L] . L] L] L] .

Theoretical Moment Effectiveness Versus Nose Flap Chord.
Geometry for Leading Edge Devices . . . . . . . .
Maximum Lift Efficiency for Leading Edge Devices . . .
Deflection Angle Correction Factor R
Thickness Correction to Wetted Area . . . . . . .

Turbulent Skin Friction Coefficient Versus Reynolds Number
Supervelocity Factor for Airfoils . . . . . . . . .
Wing-Body or Tail-Body Interference Drag Factors . .

Nacelle-Wing Interference Drag Factors . . . . . , .
Propeller Slipstream Notation . . . . . . . . . .
Spanwise Distribution of Weighted Section Lift Coefficient .
Spanwise Distribution of Weighted Section Drag Coefficient .
Power Effects on Zero Lift Pitching Moment . . . . . .
Geometry for Flaps in Propeller Slipstream . . . . . .
Power Effects on the Lift Curve Slope . . . . . . . .

Direct Thrust Contribution From Propeller and Thrust Line
Offset L] L] L L L] . L] L . L] L] . L] . L] . L] L]

Vortex Element Geometry ., . . . . . + ¢« « « o

34

36

317

39

40

41

44

45

47

49

50

55

58

58

70

71

73

74

78




Figure

34

35

36

317

38

39

40

41

42

43

45

46

47

48

49

50

Planform Geometry and Typical Arrangements of the
Horseshoe Vortices © e s e e s e & o & e o o o

Side View of Wake Goemetry for Tilt-Wing Configuration . .
Span Load Distributions and Downwash for Model . . . . .
Effect of Thrust Coefficient on Downwash Angle. . . . . .
Wake Skew Angle Definition , . . . . . . . . . . .
Geometry for Heyson's Wall Corrections . . . . . . . .

The Effect of Wind Tunnel Wall Corrections to Lift Coefficient
Data From Reference 56 . ., . . . . . « « o o o o

The Effect of Wind Tunnel Wall Corrections to Drag Coefficient
Data From Reference 56 . . . . . . . . « ¢« + . .

The Effect of Wind Tunnel Wall Corrections to Lift Coefficient
Data From Reference 57 . . « . o « o o s o « o

The Effect of Wind Tunnel Wall Corrections to Drag Coefficient
Data From Reference 57 . . . . . . ¢« « &+ « o« o« &

The Effect of Wind Tunnel Wall Corrections to Lift Coefficient
Data From Reference 57 . . . « ¢« ¢« ¢ « « ¢ « o &

The Effect of Wind Tunnel Wall Corrections to Drag Coefficient
Data From Reference 57 . . . . . +« ¢« « ¢« +« « o« o

Total Lift Coefficient Versus Wing Angle of Attack, 6f= 0° . .
Total Lift Coefficient Versus Total Drag Coefficient, § £~ 0*;:
Total Pitching Moment Versus Wing Angle of Attack, 5f =0° .,
Total Lift Coefficient Versus Wing Angle of Attack, Gf =20°

Total Lift Coefficient Versus Total Drag Coefficient, 6f=20' .

xi

Page

79

80

83

85

91

95

98

99

100

101

102

103

106

107

108

109

110

R T it e




Figure Page

51  Total Pitching Moment Versus Wing Angle of Attack, ﬁf =20°, 111
52  Total Lift Coefficient Versus Wing Angle of Attack, 6f=50° . . 112
53 Total Lift Coefficient Versus Total Drag Coefficient, 6f=50° . 113
54 Total Pitching Meoment Versus Wing Angle of Attack, df =50°, 114
55 'votal Lift Coefficient Versus Wing Angle of Attack, 5f=40° 5 e 115
56  Total Lift Coefficient Versus Total Drag Coefficient, 6f=40° . 116
57 Total Pitching Moment Versus Wing Angle of Attack, 5f=40° . 117

58 Total Lift Coefficient Versus Wing Angle of Attack, §, = 40°,
° f
68 = 20 L] L] L ] L L] L] L] L] . . . L ] L 2 L] L] L ] L] L] L ] 1]-8

59  Total Lift Coefficient Versus Total Drag Coefficient, bf = 40°,
68 = 20° L ] [ ] . . . . L] . - . L] L[] L] L] L] . L[] [ . 119

60  Total Pitching Moment Versus Wing Angle of Attack, 6{ = 40°,
68 = 20° . . 3 3 . . . ] L] . . . . . (] L] . . . 120

61 Force and Angle Diagram for Equations of Motion . . ., . . 122

62  Performance Program Structure by Functional Group . 124

63  Ilustration of the Deflected-Slipstream Short Landing. . . . 127
64  Ilustration of the Deflected-Slipstream Short Takeoff. . . . 128
65  INlustration of the Tilt-Wing Short Takeoff . . . .. . . 129
66  Tlustration of the Tilt-Wing Vertical Landing ., . . ., . . 131
67  DNlustration of the Tilt-Wing Vertical Takeoff ., . . . . . 132
68 General Arrangement of Tilt-Wing Aircraft . . . . . . . 147

69  Trailing Edge Devices for Tilt-Wing Aircraft of Figure 68 , ., 148

xii




S ——— m

Figure Page

70  Typical Vertical Takeoff Flight Paths . . . . . . . . . 149

71 Distance and Velocities at Conversion Versus Gross Weight
fOI‘ a Tilt-Wing AirCI‘aft . . . . . . - . * . . . . 150

72  Short-Field Takeoff Distance Versus Wing Tilt Angle. . . . 151

73 Short-Field Takeoff Distances With Wing Tilted Versus Gross
weight L) L] [ ] . L] . [ ] . L] L) [ ] L] L] L ] L[] L[] L] . 152 ‘

74  Distance and Time for Vertical Landing Versus Gross |
Weight L] L] . L] L] L] . . L] L] L] L] . L] L] L L L] . 153

75  Deflected-Slipstream Takeoff Distance Versus Gross Weight . 154

xiii




Y

A
RE Q

AR
FS

AR

ARps

LIST OF SYMBOLS

model mome:ntum area, sq ft

wind tunnel cross-sectional area, sq ft

horizontal acceleration, ft/sec2

vertical acceleration, ft/sec2

nth term in series

first term in series

wing aspect ratio

equivalent aspect ratio of slipstream segment of the wing

effective geometric aspect ratio of free-stream segment of the
wing

effective geometric aspect ratio of slipstream segment of the wing
in the hover condition

effective geometric aspect ratio of slipstream segment of the wing
in the high-speed flight condition

equivalent lift curve slope o slipstream segment of the wing
lift curve slope of free-stream segment of the wing

lift curve slope of slipstream segment of the wing in hover
two-dimensional lift curve slope

lift curve slope of slipstream segment of the wing
three-dimensional lift curve slope

width of wind tunnel test section, ft

wing span, ft

Xiv




effective vortex span, ft

vortex span downstream of model, ft

area of wind tunnel test section, sq ft

center of gravity

drag coefficient

drag coefficient corrected for wall effects

total drag coefficient on free-stream segment of the wing
induced drag coefficient

change in induced drag caused by the boundary induced upwash
drag coefficient of nacelle based on slipstream dynamic pressure
drag coefficient of nacelle based on free-stream dynamic pressure
skin friction coefficient

body drag at angle of attack

increment of drag at o = 0 for deflected flaps

induced drag coefficient on free-stream segment of the wing
induced drag coefficient on slipstream segment of the wing
profile drag coefficient on free-stream segment of the wing
profile drag coefficient on slipstream segment of the wing

total drag coefficient on slipstream segment of the wing

lift coefficient due to direct thrust

lift coefficient on the free-stream segment of the wing




change in lift coefficient on the free-stream segment of the wing
lift coefficient
lift coefficient corrected for wall effects

lift coefficient on slipstream segment of wing in hover

lift coefficient on slipstream segment of wing in high-speed flight |

total maximum lift of the interacting wing/propeller configuration

maximum lift coefficient on the slipstream segment of the basic
clean or flapped wing

maximum lift coefficient on the free-stream segment of the basic
clean or flapped wing

lift coefficient of nacelle

total lift coefficient on the slipstream segment of the wing

lift coefficient on the slipstream segment of the wing

lift coefficient increment of slipstream segment of the wing
total lift coefficient of the interacting wing/propeller configuration
uncorrected lift coefficient

zero lift pitching moment of the interacting wing/propeller flap
configuration

total pitching moment coefficient »)f the interacting wing/propeller
configuration

pitching moment coefficient due to the direct thrust term

normal force coefficient on the free-stream segment of a stalled
wing

normal force coefficient on the slipstream segment of a stalled
wing

xvi




thrust coefficient

thrust coefficient based on slipstream dynamic pressure
thrust coefficient corrected for wall effects

total drag coefficient on the slipstream segment of the wing

longitudinal force coefficient on the free-stream segment of the
interacting wing/propeller coufiguration

longitudinal force coefficient due to the nacelle

total longitudinal force coefficient on the interacting wing/propeller
configuration

lift curve slope contribution (per deg) due to the direct thrust term

equivalent lift curve slope (per deg) for slipstream segment of the
wing

lift curve slope (per deg) for the free-stream segment of the basic

clean wing, also (Cy, )
a PO

lift curve slope (per deg) of the slipstream segment of the wing in
the hover condition

lift curve slope contribution (per deg) due to the lift augmentation
from the slipstream

lifi curve slope (per deg) due to the nacelle

lift curve slope (per deg) of the slipstream segment of the basic
clean wing

total lift curve slope (per deg) of the interacting wing/propeller
configuration

lift curve slope (per deg) of the basic clean wing

stability contribution of the nacelle

Xvii




————— = e ——y— —= =

stability of the slipstream segment of the basic clean wing

zero lift pitching moment coefficient due to flaps of the basic
flapped wing ’

zero lift pitching moment coefficient due to flaps of the basic
flapped interacting wing/propeller configuration

zero lift pitching moment coefficient of the basic clean wing

zero lift pitching moment coefficient increment of the direct slip-
stream thrust on segment of the basic flapped wing

zero lift pitching moment coefficient increment due to lift
augmentation

zero lift power -off pitching moment coefficient increment of the
basic flapped wing

zero lift pitching moment coefficient increment of the slipstream
segment of the basic flapped wing

total pitching moment curve slope (per deg) of the interacting wing/
propeller configuration

pitching moment curve slope (per deg) due to the fuselage
pitching moment curve slope due to the direct thrust term

pitching moment curve slope (per deg) due to the lift augmentation
from the slipstream

pitching moment curve slope (per deg) due to nacelles
pitching moment curve slope (per deg) due to one propeller

power -off pitching moment curve slope (per deg) of the basic
flapped wing

xviii




S

pitching moment curve slope (per deg) of the slipstream segment
of the basic clean wing

pitching moment curve slope (per deg) of the basic clean wing
airfoil chord, ft

wing mean aerodynamic chord, ft

quarter chord of wing MAC, ft

quarter chord of horizontal tail MAC, ft
two-dimensional drag coefficient

extended chord

trailing edge flap chord

leading edge flap chord

two-dimensional lift coefficient

increment of lift at o, =0

theoretical lift effectiveness for trailing edge flap
contribution to flap maximum lift from ideal angle of attack
increment of maximum lift

theoretical increment in maximum lift due to plain flap
lift curve slope of airfoil

lift curve slope of airfoil with flap chord extension

lift curve slope increment due to flap chord extension

xix

Aenthutton PO




theoretical lift effectiveness for leading edge flap

theoretical maximum lift effectiveness

moment increment for lift at o =0

slope of pitching moment curve
theoretical moment effectiveness term
wing chord at nacelle location, ft

wing root chord, ft

extended flap chord for single-slotted flap
extended flap chord for double-slotted flap
drag force, 1b

body diameter, ft

drag corrected for wall effects

nacelle diameter, ft

propeller diameter, ft

induced drag force, lb

contracted slipstream diameter, ft

flight condition index

acceleration due to gravity, ft/sec2

fuselage height, ft

vertical distance from wake to trailing edge of wing, measured at

quarter chord of horizontal tail MAC, ft




vertical distance from fuselage center line to quarter chord of wing,
ft

tunnel height, ft

incidence angle between geometric thrust line and wing root chord,
deg

angle between fuselage reference line and wing chord plane, deg
empirical factor to account for chord extension
fuselage stability coefficient

flap chord extension factor

planform area factor

empirical factor for moment

nacelle stability coefficient

pressure term for airfoil

supervelocity term for airfoil

empirical factor for maximum lift
.wing-body interference factor

horizontal tail-body interference factor

factor for horizontal position of nacelle

factor for vertical position of nacelle
empirical factor for flap deflection

constant for calculation of induced upwash velocity at a model in a
wind tunnel

roughness factor, mil




ratio of effective vortex span to vortex downstream of the model
lift force, 1b

fuselage length, ft

lift corrected for wall effects

moment arm from quarter chord of the mean aerodynamic chord
to the propeller plane, ft

characteristic length, ft

lift force due to direct thrust, 1b

leading edge radius

lift on slipstream segment of wing in hover, 1b
body length, ft

fuselage afterbody length, ft

nacelle length, ft

distance from quarter chord of wing MAC (mean aerodynamic
chord) to quarter chord of horizontal tail MAC, ft

distance from wing root quarter chord to quarter chord of
horizontal tail MAC, ft

distance with wing tilt from wing root quarter chord to quarter
chord of horizontal tail MAC, ft

number of propellers

ratio of final induced velocities

free-stream dynamic pressure, lb/sq ft

free-stream dynamic pressure corrected for wall effects
total tangential velocity component induced by vortex element

xxii

»
wi

dunsiubiaiies

g

NS T i




au

slipstream dynamic pressure, lb/sq ft

distance from point P to downwash element, ft

distance from model, ft

wing area, sq ft

frontal area, sq ft

free-stream wing area, sq ft

propeller disk area, sq ft

slipstream wing area, sq ft

area of top of fuselage, sq ft

wetted area, sq ft

area of side of fuselage, sq ft

thrust vector, 1b

thickness ratio

change in longitudinal velocity, ft/sec

longitudinal velocity induced by the longitudinal doublet, ft/sec
longitudinal velocity induced by the vertical doublet, ft/sec
longitudinal induced veloc.ty, ft/sec

free-stream velocity, ft/sec

wind tunnel velocity corrected for wall effects, ft/sec
resultant slipstream velocity, ft/sec

weight, 1b

xxiii

|
|
J




X
PIV

fuselage width, ft

nacelle width, ft

upwash velocity at the model, ft/sec

vertical velocity induced by the Jongitudinal doublet, ft/sec
vertical velocity induced by the vertical doublet, ft/sec
reference velocity, ft/sec

vertical induced velocity, ft/sec

downwash velocity component, ft/sec

longiudinal force due to direct thrust, b

distance behind wing root chord trailing edge, ft

horizontal position of forward end of nacelle from wing leading
edge, ft

distance from leading edge of airfoil to flap hinge line, percent of
airfoil chord

distance from quarter chord of wing rooi to trailing edge of wing,
ft

distance from wing pivot point to quarter chord of wing mean
aerodynamic chord, ft

spanwise distance measured from the wing root section, ft
vertical distance of apex of afterbody from fuselage center line, ft
vertical position of nacelle center line from wing chord, ft
spanwise distance from wing root chord to nacelle center line, ft

vertical distance from fuselage center line to quarter chord of tail
MAC, ft

xXxiv




vertical distance from quarter chord of wing MAC to quarter chord
of tail MAC, ft

vertical distance from wake to quarter chord of horizontal tail, ft
distance from fuselage center line to wing pivot, ft

angle of attack of airfoil or wing, deg

angle of attack of airfoil with leading edge flap deflected, deg
angle from tail of vortex element to point P, deg

corrected angle of attack, deg

effective angle of attack of thin flapped airfoil, deg

angle of attack on free-stream segment of the wing, deg
fuselage angle of attack, deg

geometric angle of attack, deg

induced upwash angle, deg

boundary induced upwash angle of the model, deg

ideal angle of attack due to camber, deg

ideal angle of attack for flapped airfoil, deg

angle between the local wing chord and wing zero lift line, deg
stall angle of attack for symmetrical airfoil, deg

stall angle of attack for cambered airfoil, deg

stall angle of attack for flapped airfoil, deg

angle of atlack on slipstream segment of the wing, deg

angle of attack between geometric thrust line and the free-stream
velocity vector, deg




uncorrected angle of attack, deg

angle of attack betweer wing zero lift line and the free-stream
velocity vector, deg

effective section angle of attack, deg

induced section angle of attack, deg

rate of change of zero-lift angle of attack with flap deflection, deg
change in angle of attack due to wall corrections, deg
angle from nose of vortex element to point P, deg
circulation

vortex element strength

fligat path angle, deg

correction factor

trailing edge flap deflection angle, deg

leading edge flap deflection angle, deg

Krueger flap deflection angle, deg

leading edge device deflection angle, deg

nose flap deflection angle, deg

slat deflection angle, deg

interference factor associated with the longitudinal velocity induced
by the vertical doublet

interference factor associated with the longitudinal velocity induced
by the longitudinal doublet

vane deflection angle, deg

xxvi




T e e e i

interference factor associated with the vertical velocity induced by
the vertical doublet

interference factor associated with the vertical velocity induced by
the longitudinal doublet

downwash angle, deg
downwash angle with zero inclination of the wing, deg

downwash contribution of two elemental bound vortices at equivalent
spanwise stations, deg

downwash contribution from elemental and trailing vortices, deg

downwash contribution of trailing vortices at equivalent spanwise
stations, deg

spanwise location, percent of wing semi-span

bound vortex span of each elemental horseshoe vortex system,
percent of wing semi-span

empirical factor for maximum lift of a leading edge device
lifting efficiency of plain flap

spanwise location of bound vortex, percent of wing semi-span
lifting efficiency of single-slotted flap

spanwise location of inboard tip of propeller, percent of wing
semi-span

lifting efficiency of double-slotted flap
factor to account for reduced effectiveness of aft flap

spanwise location of outboard end of flap, percent of wing semi-
span

factor accounting for change in deflection of leading
edge device from optimum position

xxvii

oy




wake deflection angle, deg

-1 %
defined by cos = (1 ~—=

c/2
sweep of wing quarter chord, deg
taper ratio of wing
ratio of tunnel height to tunnel width
coefficient of friction
: A y 2
kinematic viscosity, ft /sec

density, slugs/ ft;3

angle through which thrust line is rotated due to superposition of
slipstream and free-stream velocity, deg

effective turring angle, deg
trailing edge angle of airfoil, deg
wake skew angle, deg

effective wake skew angle, deg

angic between tangential and downwash velocity component, deg

xxviii




1.0 INTRODUCTION

Interest in V/STOL aircraft has einphasized the need to improve the methods of
predicting the aerodynamic characteristics of these vehicles at very low forward
flight velocities. A general understanding of the high-lift characteristics of cer-
tain configurations exists because of the amount of available experimental data.
However, reliable analytical methods of predicting the high-lift characteristics
over a full range of variables, i.e., angle of attack, flap angle, thrust coefficient,
etc., are not available.

A comprehensive literature search on V/STOL high-lift devices was conducted
and is documented in Volume II of this report. The availible two-dimensional
experimental data were reviewed, and selected NACA test data and data developed
by General Dynamics were used in developing a procedure to predict the two-
dimensional characteristics of the following passive high-lift devices:

Trailing Edge Flaps Leading Edge Devices
Plain Flaps Nose Flaps
Single-Slotted Flaps Slats
Double-Slotted Flaps Kruegers

These characteristics, along with experimental clean airfoil data from Reference
1, are used in a span load program to predict the three-dimensional characteris-
tics of an arbitrary configuration.

The limitations imposed by the available semiempirical methods for estimating

the forces on a wing immersed in a propeller slipstream indicated the require-
ment for a more basic approach to the problem. The approach developed at
Convair depends entirely on the availability of two-dimensional data and was first
conceived by Canad~ir Limited in the early 1960's, Thrust, fres-stream, and slip-
stream effects on the unpowered lift, drag, and pitching moment are predicted by
the theory discussed in this report.

These data are then trimmed and used in the performance program to integrate
two-degree-of-freedom equations of motion to predict vertical or rolling takeoff,
landing, and transition maneuvers,

This report describes the study effort and the development of a methodology to
evaluate the effects of high-lift devices on V/STOL aircraft performance.
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2,0 TWO-DIMENSIONAL AERODYNAMIC CHARACTERISTICS
OF HIGH-LIFT DEVICES

The design of V/STOL aircraft requires procedures that adequately predict the
aerodynamic characteristics of high-lift devices. These devices are usually
movable portions of the leading or trailing edge of the wing that are deflected to
increase the maximum lift coefficient.

Considerable data are available from NACA sources on two-dimensional tests
that were conducted during the 1930's. Unfortunately, these tests were not
planned te investigate systematic parameters on high-lift airfoils, Several
attempts have been made, such as References 2, 3, and 4, to organize the avail-
able data in a useable form, The above references ¢ither treated the increment
in lift below stall or attempted to handle the complete lift curve.

This section summarizes a procedure (based on thin airfoil theory where possible)
from Reference 5 that predicts the two-dimensional aerodynamic characteristics
of the following high-lift devices: '

Trailing Edge Flaps Leading Edge Devices
Plain Flaps Nose Flaps
Single-Slotted Flaps Kruegers
Double-Slotted Flaps Slats

Selected NACA test data, mainlv ‘he 23 series flapped airfoils, and data devel-
oped by General Dynamics were utilized in developing the procedure to predict
incremental effects of high-lift devices. The predicted increments are added to
the clean airfoil characteristics determined either from the experimental data in
Reference 1 or predicted with the method of Reference 2.

2.1 TRAILING EDGE FLAPS
2.1.1 Theory

Descriptions of the basic theoretical treatment of the effects of flaps on the char-
acteristics of airfoils, using an extension to thin airfoil theory, are given in
References 6, 7, and 8. These analyses lead to expressions by which lift and
pitching moment could be calculated. A further refinement of the theory, in
References 9 and 10, shows equations relating maximum lift increment to lift
increment at ¢ = 0. These equations are hased on the assuinption that leading
edge separation is dependent only on the additional "angle of attack' loading.




Only a cursory description of thin airfoil theory is included since it is adequately
covered in a number of references, Consider the flapped airfoil shown below:
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Flapped Airfoil Geometry

The angle of attack of the chord line with the flap deflected is

°F
“ppp - @* O ('c‘) @
From thin airfoil theory, the lift coefficient is
c, = 2mA +mA )
where
A0 et ” 6f
2%, ®
Al = -"— sin ef
and

x
- cos} f )
6 = cos (1 oz
The equation for the lift coefficient of a flapped airfoil may be written as

n-ef

c = 2q (a + af) + 25f sinef (4)
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or

c, = 2oy + 2 (rr-ef+sin 6p) bf ()

The two-dimensional lift coefficient can then be written as

c, = 2Mo +ch66f = 21 (« -oz6 Gf) (6)
where
c, =2(n-ef+sin6f) (M)
6
c!,
- .0
aa 21 (%)

The theoretical lift effectiveness, c,_, is given in Figure 1. The rate of change
of zero-lift angle with flap deflection, 05, May readily be obtained from ¢ L5°

In thin airfoil theory the ideal angle of attack, 4, can be defined as the angle of
attack where lift is obtained frem camber alone with no suction peak at the nose.
This definition results by considering the aerodynamic loading over a thin cam-
bered airfoil in two parts, One part, the basic load distribution, is characteristic
of the camber-line shape. The otker part, the additional load distribution, is due
only to angle of attack.

The suction peak then depends on angle of attack, and for the symmetrical air-
foil, 0jc = 0. The symmetrical airfoil stalls at 0, and the cambered airfoil
would stall at 0o where

g T Qg Ty

It follows that for the flapped airfoil, an ideal angle of attack may be defined such
that

as - 0lsf-mif

The ideal angle of attack for the flapped airfoil must be such that the A0 in Equa-
tion (3) goes to zero. It follows that for the flapped airfoil,
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The increment of maximum lift can then be expressed as

Ac = [cyg +¢ 6 (10)
)
b nax < 6 51f> :

where

Substituting the cy_ term in Equation (10) results in the following equation:

Acz = <cz -27 + 29f> 8 (11)
max 6

An expression can then be written in terms of the lift increment at o« = 0 which is
useful in correlating data:

ACL CL -217+29f

= (12)

a=0 )

The theoretical values for Ac P /Ac 4 are plotted in Figure 2.
max oa=0

The pitching moment increment about the quarter chord according to thin airfoil
theory (References 1, 5, and 6) for a flapped airfoil is given by the following
expression:

Ac_ = - -;1 (A, -A,) (13)
where
A = -ib-f- sin 8
1 m f
3 (14)
A2 = 7— sin 29f
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Substituting in Equation (13), we may write

Acm = -1/2 (sin Of - 1/2 sin 26f) 6f
@5)
= ~1/2 (sin ef - sin efcos ef) 6f
where
N n
cos ef = = p
The increment of moment due to flap deflection can now be expressed as
%t
= - |1 -—<)sinB
Acm p sin ¢ Gf
(16)
= xf sin @ = o}
= T on o = e O
)
where ¢ = the moment effectiveness parameter,

m
6

For convenience in analysis, the pitching moment increment caused by flap deflec-

tion can be expressed as the following ratio:

= (17)

The theoretical values for cyy, 6/c L are given in Figure 3.

2.1.2 Lift Increment at ¢ = 0 Degrees

The lift effectiveness of simple trailing edge flaps can be defined from thin airfoil
theory. The rate of change of lift with flap deflection at constant angle of attack as
given by Equation (7) is

L

ac

c, =2(m-6 +sine)=<—>
L f f
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The lift of the flapped airfoil is related directly to the effective airfoil angle of attack
! for the linear lift range.

The theoretical lift effectiveness (cy ) i8 primarily a function of flap chord and air-
foil thickness ratio. Any increase ir? airfoil thickness should increase the theoreti-
cal lift effectiveness term. However, it has been shown experimentally that the

I boundary layers on thick airfoils have a larger effect than on thin airfoils and cause
a reduction in lift effectiveness. This reduction in lift effectiveness due to viscous
effects is greater than the theoretical increases due to thickness.

Since the major effects are from the boundary layer, an empirical correlation
parameter has been developed which relates the lifting characteristics of various

trailing edge flaps to the theoretical lifting values for a flat plate.

This parameter, the effective turning angle, is defined by the following equation:

= + 1
o ﬁf OTE (18)
{ where
Y -Y
-1 90 100)
= TAN —_——
@rE ( 0.10 /
ﬂ:
l CHO'D PLANE _ | _ = 1!rl()[!-
x/c __ I ’
|
al 1,00

Airfoil Trailing Edge

The effective turning angle is used to relate the lifting efficiency of the flap to the
theoretical thin airfoil lift values. The lifting efficiency is determined for plain,
single- and double-slotted flaps shown in Figure 4,

The procedure assumes no compressibility or Reynolds number effects, The Rey-
nolds number effect is accounted for in predicting the chacacteristics of the clean
airfoil, Reference 11 indicates that the lift increment due to flaps is essentially
constant with Reynolds number. The data used in developing the procedvre was
generally taken from two-dimensional tests conducted at Reynolds numbers of the
order of 3,0 x 105,
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Figure 4, Trailing Edge Flap Geometry.
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The lift increment at o = 0 can then be calculated for plain flaps by using the fol-
lowing expression:

(19)
a=0 P 6

where Mp is the lifting efficiency of the plain flap developed from data in Refer-
ences 12 through 17 (from Figure 5).

c 2615 the theoretical lifting effectiveness (from Figure 1),
5f is the flap deflection angle.

Comparisons of low-speed test data with predicted Aczaz show that the corre-
lations generally were within plus or minus 10 percent of (%he experiment values, *

The introduction of a slot to the plain flap creates slot flow that energizes the bound-
ary layer over the flap. This flow at the slot lip decreases the viscous effects
present on the plain flap and therefore increases the lifting efficiency of the single-
slotted flap for deflections greater than 15 degrees. The lift increment at o, =0 due
to flap deflection for the single-slotted flap is given by the following expression:

(20)

Since most slotted flaps extend the airfoil chiord, the equation is further modified
as follows:

Ac =N c 6, \— (21)
L 1 1,6 fl c

where n is the lifting efficiency of the single-slotted flap developed frrom data in
References 18 through 27 (from Figure 5).

¢y is the theoretical lifting effectiveness based on flap chord (from
1
Figure 1).
o¢ istr: single-slotted flap deflection.
1

c
<—c—1-> is the ratio of extended chord to airfoil chord (from geometry in
Figure 4).

*Note: All data correlations are shown in Reference 5.
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All of the flaps analyzed incorporated chord extension which varied from 0 to ap-
proximately 10 percent. The procedure described above showed very good results
for the single-slotted flaps at any arbitary deflection and chord extension, In addi-
tion, single-slotted flaps with 100 percent flap chord extension (chord extensio:
equal to flap chord) were analyzed.

Because of the lack of systematic NACA experimental data for the various geometric

and aerodynamic variables involved, it is very difficult to arrive at a more accurate
data correlation basis, The data correlation for single-slotted flaps relied heavily
on systematic comparisons of data from References 18 through 27, The correla-
tions were generally within plus or minus 10 percent of the experimental values,

The introduction of a secondary slot to the flaps is handled by adding a term to

Equation (21). The lift increment at o =0 due to flap deflection for double-slotted
flaps is then given by the following expression:

<) ]
Ac, = mec b <T>+"2 © O <1+ s > %)
=0 6, 1 b, 2

where subscripts 1 and 2 refer to the primary and secondary flap, respectively.

c
<Tl> is the ratio of extended chord to airfoil chord resulting from deflec-
tion of the primary flap.

c_-C
1+

is the ratio of extended chord to airfoil chord resulting from

deflection of the secondary flap.
The flap geometry is from Figure 4,

The secondary slot caused by deflecting the aft flap is not as effective in creating
lift as the primary slot, As a consequence, an additional empirical correlation
parameter 1,g Was developed. Values of 7, versus aft flap deflection are shown
in Figure 6, As the forward flap deflection is increased to approximately 20 de-
grees, the efficiency of the aft flap decreases for aft flap deflection greater than
15 degrees. The lifting effectiveness for the aft flap, nz, is defined as

where uM is determined from the aft flap deflection and chord (from Figure 5).

Mg accounts for reduced effectiveness of the aft flap (from Figure 6),

14

T |




o)
=
= O o
s % = &
o,
cO
o
; _ .
\ \\\ |
4

\ o
[qV]
o

) 2 2 2 = N °

— — (o) o o O
S2
deTd 3JV JC SSQUSATZ09IJY Pooupsy JOJ JUNODDY 03 JI03oed - U

- Aft Flap Deflection - Deg.

Op

Figure 6. Turning Efficiency of Aft Flaps.

15




A similar procedure was also developed to analyze the double-slotted flap that has
a vane and aft flap. The vane is contoured to produce slot flow at the forward slot
lip and at a forward secondary slot. This type of double-slotted flap is shown in
Figure 4. The available data indicated that the aft flap for this configuration does
operate at full efficiency. The lift increment at o =0 due to flap deflection for a
vane and aft flap combination is given below:

c+cv 02-cv
Acl’ = 1;1 cz 6v = +n1cz 5f2 <1+ = > (24)

o=0 6V 62

where subscripts v and 2 refer to the vane and secondary flap, respectively,

nl is the turning efficiency presented in Figure 5.

c+cC
< = V> is the ratio of extended chord to airfoil chord resulting from

deflection of the vane.

c_~-c
<1 + 2c V> is the ratio of extended chord to airfoil chord resulting from

deflection of the secondary flap.
The comparisons of experimental data from References 18, 24, and 27 through 33
with predicted values for the double-slotted flaps indicated correlations within plus

or minus 10 percent of the experimental values,

2.1.3 Lift Curve Slope Increment

The theories for thin airfoils indicate that the lift curve slopes of a flat or cambered
airfeil are the same, ¢, =2m. The camber term simply chifts the lift curve upward
by a constant increment, The experimental lift curve slopes for the unflapped and
flapped airfoils without chord extension generally verify the theory. This assump-
tion is valid up to the point where the flow separates from the airfoil or flap, After
the flow separates, the lift curve slope of the flapped airfoil decreases to a value
below that of the basic airfoil.

The effect of flap extension is determined by simply considering the change in effec-

tive chord., For a flapped airfoil with chord extension, the lift curve slope is then
directly related to the airfoil chord increase,

16
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(o]

EXT
c, = cz ( > > (25)
CpxT % A IRFOIL

This procedure assumes that (1) the lift curve slope for plain flaps is that of the
unflapped airfouil, and (2) the change in lilt curve slope for flaps that extend the air-

foil chord is given by
(¢ -c
Ac =c <———EXT ) (26)

L L c
ExT %A IRFOIL

where ¢, is the lift curve slope of the unflapped airfoil (from Reference 1),
o

CcgxT is the extended chord and is defined as ¢ for the single-slotted flap
and c, for the double-slotted flap (from Figure 4).

2,1.4 Maximum Lift Increment

The rmaximum lift increments obtained from thin airfoil theory for flapped airfoils
are strongly dependent on the flow characteristics of the unflapped airfoil at maxi-
mum lift. The phenomena for conventional airfoils are directly related to the air-
foil leading edge radius and trailing edge angle. These parameters are determined
by the airfoil family and thickness distribution (see References 1 and 2),

Basically, the deflection of the trailing edge introduces camber to the airfoil and
results in a lift increase. Thin airfoil theory indicates a basic load distribution
from angle of attack and an incremental load distribution due to camber or flap
deflection, as shown in the following sketch,

-

x/c x/c \

Basic Load Distribution Load Distribution Due to Flap Deflection
17




The loading caused by flap deflection has a peak at the flap hinge line that diminishes
to zerc near the flap trailing edge and reduces to a much lower v=lue at the leadin
edge. Nominally, the forward pressure gradient is relieved and .ne gradient over
the flap is increased, causing separation even at low flap deflection. This trend is
noticeable in Figure 5, which indicates the turning efficiency of plain flaps at o= 0.
The efficiency i’ reduced by separation and begins to fall off at flap deflections above
15 degrees. The flow separation is confined aft of the hinge line and does not spread
forward until the flap deflection becomes increasingly large or the flapped airfoil
reaches a maximum angle of attack and stalls, Maximum lift can then be defined as
the lift limited by either flow separation that progresses forward of the flap or flow
separation from the leading edge.

The theoretical relationship from thin airfoil theory was applied to the available
maximum lift data on trailing edge flaps. The theoretical ratio of the maximum
lift increment to the lift increment developed at ¢ = 0 is based on a criterion of
leading edge separation on thin airfoils., As a conscquence, empirical factors
were required to correlate the experimental data on airfoils with finite thickness.,
The correlation parameters account for leading edge radius, thickness, flap chord,
and flap deflection.

The resulting expression rc» maximum lift increment for plain, single- and double-
slotted flups uses the lift increment at oy =0¢ from Section 2,1,2 and is given by the
following expression:

Ac
fa
Ac = Ac —=) K K @7
) L Ac T. '8
max o=0 L o_ 0
= rH
where Ac)e is the predicted lift increment (from Section 2.1.2).
o=0

Ac

—— max\) is the theoretical relationship accounting for flap chord

2
“zo[rH

(from Figure 2),

KT is the empirical factor developed from experimental data for a flap at

an optimum deflection angle (from Figures 7 and 8).

K6 is the factor accountirg for changes in flap deflection from the optimum
deflection (from Figure 9).
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The factor K., was developed to account for flow separation from either the leading
or trailing edge on airfoils with finite thickness.

The parameter, leading edge radius/thicknessratio, shown in Figures 7 and 8is based
on leading edge radius and thickness ratio of the basic airfoil. These terms corre-
late the data and give an adequate description of maximum lift increment for the
trailing edge flaps considered. The data trends from recent General Dynamics two-
dimensional tests are also shown in Figures 7 and 9. These tests were conducted

in a facility that uses blowing slots on the walls to reduce separation effects.

Prediction of the maximum lift of single-slotted flaps with full chord extension re-
quires an additional factor. This t2rm, }%, is shown in Figure 9.

2.1,5 Pitching Moment Increment

The equations developed from thin airfoil theory, Section 2.1,1, show that the pitch-
ing moment increment due to flap deflection is

The moment was then directly related to the lift increment at ¢ = 0 by the following
expression:

Ac cm
m )
Ac c
La -0 zd

The resulting values for the theoretical term are given in Figure 3. These values
are used in conjunction with the predicted lift increment at o =0 to develop empiri-
cat factors and correlate experimental data. The expression for the pitching
moment increment becornes

c
"5
Ac. = Ac K (28)
m L L m
a=0\ 4 5
TH
where ac, is the predicted lift increment (from Section 2,1, 2).
a=0
21
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c
m

is the theoretical relationship accounting for flap chord (from

£
% 1n
Figure 3).

Ky, is the empirical factor developed from experimental data (from Figure
10).

Thin airfoil theory gives a geod approximation of moment for trailing edge flaps for
which the flow remains attuched., However, as flap chord and thickness are in-

creased, factors are rcquired to account for flow separation as shown in Figure 10,

2.1,6 Pitching Moment Curve Slope

Deflection of a trailing edge flap on a thin airfoil introduces camber to the basic
airfoil, The thin airfoil theory discussed in Section 2, 1.1 indicates that camber
does not change the moment curve slope of the airfoil. Experimental data verify
that there is no change in slope for the angle of attack and flap deflection ranges

of plain flaps for which flow is attached. At angles of attack above the linear range,
the flow over the flap separates and the additional loading from the flap is lost and
pitch-up results, Below the linear range, the flow separates cn the underside of the
airfoil, causing a forward shift in center of pressure and a resulting nose-up
moment change.

This investigation only concerns itself with the linear variation of the pitching mo-
ment curve slope, For plain flaps, the assumption is that there is no change in
slope. Trailing edge flaps with translating motion cause a change in moment curve
slope. This change is related directly to chord extension as indicated by References
19, 22, and 27, and is described by the following expression:

Ac

C_ o n.—C
M o~ -0.25K <_EXT >
Acz ac c

(29)

where K, isan empirical factor to account for chord extension (from Figure 11).

cexT is the extended chord which is defined as ¢, for the single-slotted
flap and ¢y for the deuble-slotted flap (from Figure 4).
2 (

The linear range on the moment curve is reduced at higher flap deflections.
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2.1.7 Drag Increment

The approach utilized for predicting the drag of trailing edge flaps is mainly em~
pirical. All available data utilized in Section 2,1,1 for predicting the increment
of lift at ¢y = 0 was used in the correlation. The correlation parameter selected
was the value of Acy o=0 5° that any variation in drag with flap deflection was re-
moved, This assumes that the drag is directly related to the lifting capability of
the flap and indirectly related to flap deflection and flap type.

Flap drag increments at o = 0 for plain, single- and double-slotted flaps are shown 1
in Figures 12, 13, and 14,

2.2 LEADING EDGE DEVICES {

2,2,1 Theory

Thin airfoil theory for trailing edge flaps is covered in Section 2,1,1, A further
extension of this theory tc cover leading edge devices is covered in this section.
The aerodynamic lift and moment of leading edge flaps can be obtained from trail-
ing edge flap theory with a geometrical transformation, Consider the flapped air-
foil shown below: I

Geometry for Airfoil With Geometry for Airfoil With
a Trailing Edge Flap a Leading Edge Flap

26
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These two flapped airfoils have identical protiles to the relative velocity., The

following relationship may then be written:

! ..
o a+6f
7
b = b
c! c
_f= 1 -i
c c

(30)

(31)

(32)

Thin airfoil theory for a trailing edge flap (Section 2.1.1) indicates that the lift

coefficient is defined by Equation (6) as

cz = 27 (a-ozbbf)

Substituting the terms for the leading edge flap, we have

c, =27 lo + 62 (1 +a6)]

Differentiating with respect to bf’ at constant section lift,

da - r = -1+
<—£{'> a6 ( 0!6)
Cy

Differentiating with respect to af’ at constant ¢,

3¢

= 4 = -t 2

<aa’> ) o
i), %

It can also be shown that at constant section lift,

and

c’ = Ifed -21r+29>
AR R

max

The leading edge flap lifting effectiveness parameter is then computed using

Equations (32), (34), and (35), and is shown in Figure 15,
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(33)

(34)

(35)

(36)
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Figure 15, Theoretical Lifting Effectiveness Versus Nose Flap Chord.




Referring back to Figure 5, it can be seen that the lifting effectiveness of a lead-
ing edge flap is much less than that of a trailing edge flap of the sume chord. The
maximum lift and moment parameters are shown in Figures 16 and 17, respectively.

2.2.2 Lift Increment at o = 0 Degrec3s

Leading edge devices change the lift of the unflapped airfoil by changing the effec-
tive angle of attack. Unlike trailing edge flaps, the deflection of a nose flap
causes a loss in lift rather than an increase at =0, The effect of these devices
may be determined with the following expression:

Acz = c; 5
a=0 6

wherc c}'b is the theoretical lifting effectiveness for leading edge flaps (from

LE (38)

Figure 15),
GLE is the deflection angle of the leading edge device,

The above equation is used for nose flaps. The equation is modified to account
for chord extensions associated with Krueger flaps and slats as shown below:

c
EXT
Ac =c’ § <.-_> (39)
L 2. K\ ¢
a=0 6

and

c

ae, = o 5s< Ej”) (40)
a=0 6
where CEXT
3 is the ratio of extended chord to airfoil chord (from Figure 18),

2.2.3 Section Lift Curve Slope Increment

The lift curve slope of the leading edge flap is assumed to be the same as that of
the unflapped airfoil. For Krueger flaps or slats, the change in lift curve slope
due to chord extension is given by

c

-c
EXT
A = SEEAY S 41

°z cz c ) (41)

@  OAIRFOIL
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where ¢y in the lift curve slope of the unflapped airfoll (from Reference 1).
o

CEXT is the extended chord (from Figure 18).

2,2.4 Maximum Lift Increment

Leading edge devices increase the maximum lift of airfoils by lowering the nega -
tive pressures (suction) near the nose and delaying leading edge flow separation,
The maximum lift on the airfoil is achieved when the pressure on the nose device
approximates that of the airfoil prior to stall, Leading edge devices delay flow
separation at the nose without significantly affecting trailing edge flow and are
most effective on thin airfoils,

The relationship from the theory developed in Section 2.2.1 was applied to the
available maximum lift data on leading edge devices. The theoretical value of
maximum lift increment for leading edge devices on a thin airfoii from Equation

(37) is
= = ¢ = ¢’
(E.cz ) <cz 2 + 29f> 6f Cz ﬁf
MAX/ry 6 Smax

Empirical factors were developed to correlate all available data on leading edge
devices on airfoils with finite thickness. The correlation parameter from Section
2.1.4, leading edge radius/thickness ratio, was again used to account for nose
shape and thickness. The maximum lift increment at optimum deflection was de-
termined and then related to the theoretical values shown in Figure 16.

The following expression resulted:

c
., EXT
) = % Mmax s 6LE< c > (42)
max

where Nmax 18 the maximum lifting efficiency of leading edge devices (from
Figure 19) (data from References 34 through 39).

n§ is a factor accounting for changes in flap deflection from the optimum
deflection (from Figure 20).

02'6 is the theoretical maximum lifting effectiveness (from Figure 16).
max
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NMmax - Maximum Lifting Efficiency for Leading Edge Devices
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"76 - Deflection Angle Correction Factor
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¢
EXT
( : > is the ratio of extended chord to airfoil chord (from Figure 18).

6. .. i8 the deflection angle of the leading edge device.

LE
2.2.5 Pitching Moment Increment

Equation (36) shows that the pitching moment for a nose flap is

m

6 )

The ¢, term is defined by the nose flap chord which is equal to (1 - cf/c). The
theoretical values of cl'nﬁ versus nose flap chord are shown in Figure 17.

The moment increment due to nose flap deflection then becomes

Ac =c' § (43)
mLE m6 LE

where ¢ x’n is the theoretical moment effectiveness for leading edge devices
6
(from Figure 17).
This expression is used for all leading edge devices.

2.2.6 Pitching Moment Curve Slope

As discussed in Section 2,1.6, the introduction of camber by either nose or trail-
ing edge flap deflection causes no change in the moment curve slope. Leading
edge devices that have translational motion produce a change in slope. The follow-
ing expression should be used for slats and Kruagers:

Ac

—2 L 0.75

o ) (44)
L

EXT

where cEXT is the extended choi'd as defined in Figure 18,

2.2,7 Drag Increment

There is insufficient experimental data to empirically determine the effect of lead-
ing edge devices on drag. Quantit<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>